**How to cite this article**: Li G, Che M‐T, Zeng X, Qiu X‐C, Feng B, Lai B‐Q, Shen H‐Y, Ling E‐A, Zeng Y‐S. 2018 Neurotrophin‐3 released from implant of tissue‐engineered fibroin scaffolds inhibits inflammation, enhances nerve fiber regeneration, and improves motor function in canine spinal cord injury. J Biomed Mater Res Part A 2018:106A:2158--2170.

INTRODUCTION {#jbma36414-sec-0001}
============

Spinal cord injury (SCI) is a devastating disease of the central nervous system (CNS) resulting in partial or a complete loss of central control of neural function, leaving permanent damage to the motor, sensory, and autonomic functions below the injury site.[1](#jbma36414-bib-0001){ref-type="ref"} It has been widely accepted that a major challenge in recovery after SCI is to rebuild the lost neural connectivity in terms of cytoarchitecture and also function.[2](#jbma36414-bib-0002){ref-type="ref"}, [3](#jbma36414-bib-0003){ref-type="ref"} In line with this principle, many studies have adopted tissue engineering strategy utilizing biomaterials, such as hydrogel,[4](#jbma36414-bib-0004){ref-type="ref"} poly‐lactic‐*co*‐glycolicacid (PLGA) multiple‐channel conduits,[5](#jbma36414-bib-0005){ref-type="ref"} microspheres,[6](#jbma36414-bib-0006){ref-type="ref"} microparticle,[7](#jbma36414-bib-0007){ref-type="ref"} and so forth as the bridging materials for endogenous regeneration. However, because of the hostile microenvironment presenting persistently in the injury site of spinal cord,[8](#jbma36414-bib-0008){ref-type="ref"}, [9](#jbma36414-bib-0009){ref-type="ref"} very few of the attempts have succeeded in significant nerve fiber regeneration across and beyond the injury epicenter, rendering only a modest functional regain after injury. In view of this, bioactive materials endowed with the capabilities of altering the adverse microenvironment of the injury site has been considered as a more promising therapeutic approach in treating SCI.

Neurotrophin‐3 (NT‐3) and its high‐affinity receptor (tyrosine kinase receptor C, TrkC) play extensive trophic roles in neural stem cell migration, neuronal differentiation, nerve fiber (axon) outgrowth, and synapse development and plasticity in the nervous system.[10](#jbma36414-bib-0010){ref-type="ref"} Schwann cells overexpressing NT‐3 could provide sufficient nutrition for constituting an adult stem cell‐derived neural network *in vitro*.[11](#jbma36414-bib-0011){ref-type="ref"} This had prompted us to design a novel bioactive scaffold for the delivery of NT‐3 by using the NT‐3/fibroin particles as surface decoration. The gelatin sponge (NF‐GS) scaffold coated with NT‐3/fibroin particles had achieved a controlled artificial release system, thus providing significant therapeutic effects on nerve fiber regeneration and inflammatory inhibition in the rat SCI model.[12](#jbma36414-bib-0012){ref-type="ref"} The functional recovery after SCI maybe dependent on several factors: (1) Attenuation of physical (such as cavities[13](#jbma36414-bib-0013){ref-type="ref"}) and biochemical (such as glial scars[14](#jbma36414-bib-0014){ref-type="ref"} and inflammatory cytokines/cells[15](#jbma36414-bib-0015){ref-type="ref"}) barriers in the microenvironment, (2) Cytoarchitecture reshaping with functional neurogenesis, synaptogenesis, angiogenesis and remyelination at the injury site[16](#jbma36414-bib-0016){ref-type="ref"}, [17](#jbma36414-bib-0017){ref-type="ref"} and (3) Motor function restoration as manifested by improved electrophysiological recording[18](#jbma36414-bib-0018){ref-type="ref"} and locomotion performance. Thus, the rodent models had provided the first line evaluation of methodologies in screening potential therapeutic treatment for SCI. However, because of interspecies variation in terms of anatomy, physiology and pathophysiology, large animal models such as canine or monkey are desirable so as to comprehensively analyze the above‐mentioned conditions[18](#jbma36414-bib-0018){ref-type="ref"} for more reliable pre‐clinical conclusions.

Our study had demonstrated that NF‐GS scaffold was nontoxic and could exert excellent histocompatibility in the spinal cord of rats and canines. These histopathological findings had indicated that the safe bioactive scaffold may serve as a promising biomaterial for SCI repair. This method for the treatment of spinal cord injury obviated the risk of insecurity by gene transfer techniques and of uncertain survival by cell transplantation. More importantly, it showed regeneration of functional neuronal axons, reduction of cavity formation, and remyelination of rats through the scaffold transplantation.[12](#jbma36414-bib-0012){ref-type="ref"} However, there was still lack of a concrete electrophysiological evidence to prove whether the bioactive scaffold plays a critical role as nutrient enrichment region to enhance endogenous regeneration. To avoid above limitations, it is highly desirable to extend the investigation by various techniques and using a larger pool of canines to determine whether bioactive scaffold would decrease inflammation of local microenvironment, and whether the favorable niche would effectively attract cells migration and functional axonal regeneration. Additionally, it is demanded to elucidate whether the cells migration and tissue regeneration could restore functional neurotransmission from brain to hindlimbs.

MATERIALS AND METHODS {#jbma36414-sec-0002}
=====================

NF‐GS scaffold preparation {#jbma36414-sec-0003}
--------------------------

The methods for the preparation of NF‐GS scaffolds have been described in detail in our previous study.[12](#jbma36414-bib-0012){ref-type="ref"} Briefly, sterile gelatin sponge (GS) scaffolds were tailored into a "D" shape tube with a diameter of 2 mm and a length of 4 mm, submerged in NT‐3/fibroin (NF) particle solution completely and wrapped up with poly‐lactic‐*co*‐glycolicacid (PLGA) tubes. The scaffolds used in the present experiment comprised three groups *in vitro*; (1) GS coated with NT‐3/fibroin complex group \[the NF‐GS group, Fig. [1](#jbma36414-fig-0001){ref-type="fig"}(A)\], (2) GS coated with fibroin group \[the F‐GS group, Fig. [1](#jbma36414-fig-0001){ref-type="fig"}(B)\] and (3) GS without NT‐3 and/or fibroin coating \[the GS group, Fig. [1](#jbma36414-fig-0001){ref-type="fig"}(C)\], and two groups *in vivo*; (1) GS coated with NT‐3/fibroin complex group (the NF‐GS group), and (2) GS coated with fibroin group (the F‐GS group or the control group).

![Structural features and bioactivity of the scaffold. Showing NF‐GS (A), F‐GS (B), and GS (C) with porous microstructure at low magnification. D: Showing NT‐3 positive sites (red arrows) on NF‐GS were labeled by gold enhanced nanogold particles. NT‐3 positive sites are absent in F‐GS (E) and GS (F). G: Showing NT‐3 positive gold enhanced nanogold particles (red arrows) on the surface of random coil structure of NF‐GS. (g) Showing NT‐3 positive sites on the surface of NF‐GS by immunofluorescence staining. NT‐3 positive particles are absent on the surface of random coil structure of F‐GS (H) and GS (I). NT‐3 positive sites are absent on the surface of F‐GS (h) and GS (i) by immunofluorescence staining. J: Cumulative release profile of bioactive NT‐3 from NF‐GS of different fibroin concentrations up to 28 d. *n* = 5, \**p* \< 0.05, ^\#^ *p* \< 0.05, ^@^ *p* \< 0.05. Scale bars = 500 μm in (A--C); 125 μm in (a--c); 500 nm in (D--I); 20 μm in (g--i).](JBM-106-2158-g001){#jbma36414-fig-0001}

Spinal cord injury model and transplantation {#jbma36414-sec-0004}
--------------------------------------------

### Ethics {#jbma36414-sec-0005}

All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Sun Yat‐sen University and performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

### Experimental animals, surgery, and scaffold graft {#jbma36414-sec-0006}

Beagle canines (female, 7‐month‐old, *n* = 14), supplied by Guangzhou General Pharmaceutical Research Institute Co., Ltd, were anesthetized with 1% pentobarbital sodium (45 mg/kg, i.p.). After full anesthesia was achieved, the T9 and T10 spinal cord segments of the canines were exposed. A 4‐mm segment of the spinal cord (right side) at T10 level was removed to create a hemisection model \[Fig. [2](#jbma36414-fig-0002){ref-type="fig"}(A,B,b,C,D)\]. After hemostasis, the NF‐GS and F‐GS scaffolds were transplanted, respectively, to fill up the gap of hemisected spinal cord in the NF‐GS and F‐GS groups. Animals were housed in the animal facility with suitable ambient temperature and humidity. Standardized post‐operative care procedures were in line with the literature for induced canine SCI model[19](#jbma36414-bib-0019){ref-type="ref"}, [20](#jbma36414-bib-0020){ref-type="ref"} with minor modifications and were pre‐approved and supervised by the IACUC. Antibiotics and glucose dissolved in lactated ringers solution was intravenously delivered for 3 days. Dysfunction of micturition reflex was transient and their bladders were manually emptied three times a day until autonomic bladder function was restored (usually within 7 days).

![Scaffold preparation and transplantation. A: Showing two PLGA tubes (top) with a semi‐diameter of 2.5 mm and two gelatin sponge D‐shaped scaffolds (bottom). B: Showing a scaffold transplanted into the hemisection site (arrow, b) of spinal cord. C: Schematic diagram of a scaffold. D: grafted a scaffold in the hemisection site of spinal cord. Scale bars = 5 mm in (A) and (B).](JBM-106-2158-g002){#jbma36414-fig-0002}

Scanning electron microscopy {#jbma36414-sec-0007}
----------------------------

The scaffolds in different groups were examined by scanning electron microscopy (SEM). They were fixed in 4% paraformaldehyde for 20 min, washed three times with PBS, stored overnight at −80°C, and freeze‐dried for 12 h. The dried samples were coated with gold and examined under a scanning electron microscope (Philips XL30 FEG).

Immunoelectron microscopy {#jbma36414-sec-0008}
-------------------------

The NT‐3 bioactivity of scaffolds in different groups was examined with immunoelectron microscopy (IEM). Scaffolds were fixed with stationary liquid (0.1*M* PB, 4% PFA, 0.1% glutaraldehyde and saturated picric acid) for 30 min, washed three times with PB, and then transferred into cryoprotectant solution (0.1*M* PBS, 25% sucrose, and 10% glycerol) for 1 h, and followed by a quick freeze‐thaw in liquid nitrogen. Each sample was washed with PBS and treated with 20% goat serum for 40 min to block antibody nonspecific binding. Samples were incubated firstly with NT‐3 antibody (Rabbit) with 2% goat serum at 4°C for 24 h, and then with gold‐anti‐rabbit antibody overnight at 4°C, and postfixed in 1% glutaraldehyde for 10 min. The samples were detected by gold enhanced with GoldEnhance™ kit (NanoProbe, Yaphank, NY), osmicated, dehydrated, and embedded in Epon812. Epon812 blocks were sectioned, and ultrathin sections were prepared and examined under an electron microscope (Philips CM 10, Eindhoven, Holland).

Enzyme‐linked immunosorbent assay {#jbma36414-sec-0009}
---------------------------------

The NT‐3 release from NF‐GS with different fibroin concentrations was examined by enzyme‐linked immunosorbent assay (ELISA). The gelatin sponge was cut into 2 × 2 × 2 mm^3^, soaked in 200 ng/mL NT‐3 with 1%, 3%, 6%, and 9% fibroin, respectively. The different NF‐GS samples were incubated with PBS at 37°C, and PBS was changed at 1, 3, 5, 7, 14, 21 and 28 d to collect the supernatant. NT‐3 in the supernatants was detected using commercial enzyme‐linked immunosorbent assay (ELISA) kits (Boster, Wuhan, China) following the instructions of the manufacturer\'s protocol.

Functional recovery and locomotion performance assessment {#jbma36414-sec-0010}
---------------------------------------------------------

Olby score test was carried out for the canines before and weekly after SCI surgery.[21](#jbma36414-bib-0021){ref-type="ref"} Briefly, the canines were trained to freely walk through the recording area where a high speed video recording camera was equipped. Multiple gait parameters such as hindlimb stepping, body weight support, accurate plantar placement of the paw, forelimb and hindlimb coordination, and trunk stability were analyzed after recording. The relative position of the hip, the knee, and the ankle joint was visualized by the black line which showed the leg ipsilateral to the hemisection, and the blue line showing the contralateral leg \[Fig. [3](#jbma36414-fig-0003){ref-type="fig"}(A,B)\]. Olby score is a 15 points scoring scale that is rating based on the canine\'s limb movement including activities, deep pain in the hindlimbs, joints and weight bearing corresponds.[21](#jbma36414-bib-0021){ref-type="ref"} The Olby score for each animal was calculated weekly by averaging the independent scores from two investigators who monitored the videotapes with a double‐blinded study design.

![Examination of hindlimb movement and assessment of Olby score. Continuous time‐lapse frames from video displayed two hindlimbs (black line representing the leg of the hemisection side of spinal cord and blue line representing the leg of the non‐hemisection side) motioning alternately, involving four major joints; hips (blue point), knees (red point), ankles (green point) and digits (yellow point), in a canine of the NF‐GS (A) and F‐GS group (B). The stepping trajectories in (A) and (B) show respectively the relative position of the four major joints during the hindlimb movement. C: Showing Olby scores in the NF‐GS and F‐GS groups. *n* = 7, \**p* \< 0.05, \*\**p* \< 0.01.](JBM-106-2158-g003){#jbma36414-fig-0003}

Cortical motor evoked potentials {#jbma36414-sec-0011}
--------------------------------

Four weeks after graft implantation, canines (*n* = 4 in the NF‐GS group and *n* = 4 in the F‐GS group) were atropinized (0.5 mg/canine, intramuscular injection, 20 min before surgery), anesthetized with pentobarbital sodium (3% dissolved in saline, 45 mg/kg, intraperitoneal injection) and ketamine (10 mg/kg, intramuscular injection every 20 min during surgery), and fixed on a stereotaxic frame. The sciatic nerve and sensorimotor cortex (SMC) were exposed; a stimulation electrode was then connected to the SMC and a recording electrode was coupled to the sciatic nerve \[Fig. [4](#jbma36414-fig-0004){ref-type="fig"}(B)\]. The cortical motor evoked potentials (CMEP) were detected by NeuroExam M‐800 (Medcom Technology, Zhuhai, China). The stimulation protocol of the CMEP signal was as follows: gain parameter 250, time constant 150 μs, and pulse width 100 mA. To elicit a CMEP, multiple‐pulse‐stimulation was transmitted through the electrodes, with an interval of 1000 μs for 4 times. In order to obtain high‐quality waveforms for the CMEP signals, 40 CMEP responses were averaged for each canine.

![Examination of cortical motor evoked potentials (CMEP). A: CMEPs in the NF‐GS (upper curves) and F‐GS (lower curves) groups were respectively recorded by electrophysiological analysis before spinal cord injury, at 1 week and 4 weeks after the transplantation. B: A leading diagram showing evaluation of CMEP. Left panel: stimulus points in head; Right panel: recorder points in the leg of the hemisection site. C: Bar chart showing latency of CMEPs of two groups of canines at 4 weeks after scaffold transplantation (*n* = 4, \**p* \< 0.05). D: Bar chart showing amplitude of two groups at 4 weeks after transplantation (*n* = 4, \**p* \< 0.05).](JBM-106-2158-g004){#jbma36414-fig-0004}

Immunofluorescence staining {#jbma36414-sec-0012}
---------------------------

Spinal cord tissue sections of 25 μm thickness were cut using a cryostat (*n* = 7 in the NF‐GS group and *n* = 7 in the F‐GS group). The sections were incubated with primary antibodies (Rabbit‐IBA‐1, Rabbit‐NF, Mouse‐GFAP, Rabbit‐NT‐3 or Mouse‐MBP diluted in 0.3% Triton X‐100 PBS), respectively, overnight at 4°C, followed by incubation with secondary antibodies (goat origin with Cy3 or FITC conjugated), respectively. A summary of above antibodies is provided in Table [1](#jbma36414-tbl-0001){ref-type="table"}. The slides were then examined under a confocal fluorescence microscope (Zeiss, Oberkochen, Germany).

###### 

Primary and Secondary Antibodies

  Antibodies                                           Species   Type              Dilution   Source
  ---------------------------------------------------- --------- ----------------- ---------- -----------------------------------------
  Ionized calcium‐binding adapter molecule 1 (IBA‐1)   Rabbit    Monoclonal IgG    1:300      Wako, Japan
  Neurofilament 200 (NF)                               Rabbit    Polyclonal IgG    1:500      Merck Millipore, Billerica, USA
  Glial fibrillary acidic protein (GFAP)               Mouse     Monoclonal IgG    1:300      Sigma, St. Louis, USA
  Myelin basic protein (MBP)                           Mouse     Monoclonal IgG    1:500      Merck Millipore, Billerica, USA
  Neurotrphin 3 (NT‐3)                                 Rabbit    Polycolonal IgG   1:300      Sigma, USA
  Cy3 conjuncted anti rabbit secondary antibody        Goat      Polyclonal IgG    1:600      Jackson ImmunoResearch, West Grove, USA
  FITC conjuncted anti mouse secondary antibody        Goat      Polyclonal IgG    1:50       Jackson ImmunoResearch, West Grove, USA

A total of 10 tissue sections derived from every fifth horizontal section containing T8‐T12 segments (approximately 10 mm) of each spinal cord were selected from each animal. The sections were photographed after immunofluorescence staining. Eight 0.7 × 0.5 mm^2^ areas covering the rostral and caudal areas to/in the injury/graft site of each the horizontal section were chosen for closer analysis \[Fig. [5](#jbma36414-fig-0005){ref-type="fig"}(A)\]. The positive‐stained area of NF or GFAP was converted to an area of interest (AOI) and the pixel area for each AOI was automatically calculated using Image‐Pro Plus software (Media Cybernetics, Silver Spring, MD). The relative density of NF and GFAP positive staining for each image was represented by the ratio of the total pixels of AOI to the total pixels of the field.

![IBA‐1 positive cells in spinal cord. A: A leading diagram demonstrates cell sampling sites in a longitudinal section of hemisected spinal cord. IBA‐1 positive cells (arrows) in the rostral (B1), injury/graft (B2), and caudal (B3) sites of spinal cord in the NF‐GS group. IBA‐1 positive cells (arrows) in the rostral (C1), injury/graft C2) and caudal (C3) sites in the F‐GS group. D: Bar chart showing the number of IBA‐1 positive cells in the NF‐GS and F‐GS groups. Asterisks indicate statistical significance between the NF‐GS and F‐GS groups. All nuclei of IBA‐1 positive cells were counterstained by Hoechst33342 (Hoe); *n* = 5, \**p* \< 0.05. Scale bar = 50 μm in (B1--C3)](JBM-106-2158-g005){#jbma36414-fig-0005}

Transmission electron microscopy {#jbma36414-sec-0013}
--------------------------------

The spinal cord was fixed in 4% paraformaldehyde, and cut into 100 μm thick horizontal sections with a vibratome. The sections were washed with PBS for three times and further fixed in paraformaldehyde for 4 h. Each tissue section was placed in PBS overnight at 4°C, and subsequently fixed with 1% osmic acid for 2 h, and then dehydrated through a graded series of alcohol (50%--100%). The sections containing the injury/graft site of spinal cord were embedded in Epon812 at 60°C for 48 h. Ultrathin sections were cut with an ultramicrotome (Reichert E, Co., Vienna, Austria). Following staining with lead citrate and uranyl acetate, the sections were examined under a Philips CM10 electron microscope (Eindhoven, Holland).

Statistical analysis {#jbma36414-sec-0014}
--------------------

Data were presented as means ± standard deviations (SD). All statistical analyses were performed using the statistical software SPSS11.0. Two‐group comparisons were tested by independent *t‐*test or Wilcoxon. A statistically significant difference was accepted at *p* \< 0.05.

RESULTS {#jbma36414-sec-0015}
=======

Structural features and bioactivity of the scaffold {#jbma36414-sec-0016}
---------------------------------------------------

SEM images showed that NF‐GS, F‐GS and GS scaffolds contained multiporous structure, conducive for cell adhesion, nutrition, and oxygen exchange \[Fig. [1](#jbma36414-fig-0001){ref-type="fig"}(A--C)\]. After NT‐3/fibroin or fibroin coating, NF‐GS or F‐GS exhibited many crystal‐like structures on the surface when compared with the GS. IEM was used to reveal the crystal‐like structures. Specifically, NT‐3 positive gold enhanced nanogold particles were located on the smooth \[Fig. [1](#jbma36414-fig-0001){ref-type="fig"}(D)\] and random coil surface \[Fig. [1](#jbma36414-fig-0001){ref-type="fig"}(G)\] of NF‐GS. Nanogold particles were not detected on the smooth or random coil surface in the F‐GS nor the GS scaffolds \[Fig. [1](#jbma36414-fig-0001){ref-type="fig"}(E,F,H--I)\]. The localization of NT‐3 was confirmed by comparing this with the immunofluorescence labeling \[Fig. [1](#jbma36414-fig-0001){ref-type="fig"}(g--i)\]. To determine the optimum concentration of fibroin, the bioactivity of NT‐3 released from NF‐GS was tested. During the test period, 1% fibroin showed the highest level and stable cumulative NT‐3 release at 7, 14, 21, and 28 d, while the other concentrations showed a lower level NT‐3 release \[Fig. [1](#jbma36414-fig-0001){ref-type="fig"}(J)\]. The results suggest that NF‐GS combined with 1% fibroin release a more substantial bioactive NT‐3 over a long duration up to 28 days.

Scaffold preparation {#jbma36414-sec-0017}
--------------------

PLGA film (0.02 mm thick) was prepared in a "D" shaped tube of 4 mm in length and 2.5 mm in radius \[Fig. [2](#jbma36414-fig-0002){ref-type="fig"}(A), top\]. Gelatin sponge containing NT‐3/fibroin complex was tailored into the same shape followed by stuffing it into the "D" shaped PLGA tube \[Fig. [2](#jbma36414-fig-0002){ref-type="fig"}(A), bottom\]. PLGA tube served to confine the NT‐3/fibroin gelatin sponge within it and help maintain the scaffold geometry during implantation procedure. After a hemisection of spinal cord was made, the NF‐GS or F‐GS scaffolds were respectively placed into the ipsilateral side (right side) of the severed spinal cord \[Fig. [2](#jbma36414-fig-0002){ref-type="fig"}(B,b)\]. The schematic diagrams in Figure [2](#jbma36414-fig-0002){ref-type="fig"}(C,D) show the preparation of the "D" shaped scaffolds \[Fig. [2](#jbma36414-fig-0002){ref-type="fig"}(C)\] and the implantation of a scaffold in the hemisected spinal cord \[Fig. [2](#jbma36414-fig-0002){ref-type="fig"}(D)\].

Improvement of locomotor function with NF‐GS {#jbma36414-sec-0018}
--------------------------------------------

Continuous time‐lapse frames derived from the high‐speed videotaping were extracted to show the coordination of the hindlimbs and the involvement of four major joints (the hips, the knees, the ankles, and the digits) when initiating movement \[Fig. [3](#jbma36414-fig-0003){ref-type="fig"}(A,B)\]. Coordination between two hindlimbs was closely monitored and observed by the stepping trajectory \[Fig. [3](#jbma36414-fig-0003){ref-type="fig"}(A,B)\]. Thus, hindlimb voluntary movement as well as plantar placement was evidently improved in the NF‐GS group of canines. In contrast, canines in the F‐GS group struggled to walk on the ground with their forelimbs while their hindlimbs were walking passively with nonweight bearing. To evaluate quantitatively the functional improvements, Olby score concerning hindlimb locomotion was obtained \[Fig. [3](#jbma36414-fig-0003){ref-type="fig"}(C)\]. The Olby scores of canines were significantly higher in the NF‐GS group than that in the F‐GS group throughout the entire course of recovery. The mean of scores was 11.85 ± 0.64 in the NF‐GS group and was 9.29 ± 1.48 in the F‐GS group for 4 weeks after transplantation.

Cortical motor evoked potentials {#jbma36414-sec-0019}
--------------------------------

To further assess the functional status of the hemisected spinal cord injury, the cortical motor evoked potentials (CMEP) were additionally measured following transplantation treatment. As a widely used clinical evaluation, the peak and width of CMEP are interpreted conventionally as major parameters reflecting the number of excited nerve fibers and their conduction velocity of the nerve, respectively. In the group treated with NF‐GS scaffold implantation, there were shortened latency and increased amplitude of CMEP \[Fig. [4](#jbma36414-fig-0004){ref-type="fig"}(A,C,D)\]. Canines in the F‐GS group showed negligible signal level of CMEP, which were in sharp contrast with those of the NF‐GS group. The results suggest that there is likely a neuronal circuit to conduct signal from the supraspinal descending pathways, such as corticospinal or rubrospinal pathway.

Inflammation {#jbma36414-sec-0020}
------------

Injury to the spinal cord results in inflammatory reaction characterized by accumulation of massive IBA‐1 immunoreactive macrophages/microglia. At 4 weeks after spinal cord hemisection, IBA‐1 positive cells were found in the injury/graft site and its neighboring gray matter of the spinal cord (Fig. [5](#jbma36414-fig-0005){ref-type="fig"}). Immunofluorescence staining results showed that there were relatively fewer IBA‐1 positive cells \[Fig. [5](#jbma36414-fig-0005){ref-type="fig"}(B[2](#jbma36414-fig-0002){ref-type="fig"},D), 74.11 ± 5.85 cells/0.09 mm^2^\] in the injury/graft site in the NF‐GS group, compared with that \[Fig. [5](#jbma36414-fig-0005){ref-type="fig"}(C[2](#jbma36414-fig-0002){ref-type="fig"},D), 98.41 ± 15.43 cells/0.09 mm^2^\] in the F‐GS group (*n* = 5 in each group; *\*p \< 0.05*). There were lesser IBA‐1 positive cells (rostral, 62.43 ± 6.78 cells/0.09 mm^2^ and caudal, 72.05 ± 9.33 cells/0.09 mm^2^) in host tissue areas to the injury/graft site of spinal cord in the experimental group than that (rostral, 78.00 ± 7.29 cells/0.09 mm^2^ and caudal, 92.75 ± 12.62 cells/0.09 mm^2^) in the F‐GS group \[Fig. [5](#jbma36414-fig-0005){ref-type="fig"}(B[1](#jbma36414-fig-0001){ref-type="fig"},B3,C1,C3,D), *n* = 5 in each group, *\*p* \< 0.05\]. Consequently, the results suggest that NT‐3 delivery only induces lower immunogenicity and that NT‐3 delivery scaffold has better biocompatibility with the normal spinal cord tissue.

Nerve fiber regeneration and glial scar {#jbma36414-sec-0021}
---------------------------------------

In both the NF‐GS and F‐GS groups, the injured spinal cord showed a noticeable macroscopic structural repair at the hemisected sites (Supporting Information Fig. 1), but apparently to a different extent. On closer examination, the NF‐GS group exhibited a better host--implant integration with a more robust nerve fiber regeneration as compared with the F‐GS group. Figure [6](#jbma36414-fig-0006){ref-type="fig"} showed the relative density of NF positive staining (equivalent to nerve fiber number) and relative density of GFAP positive staining (equivalent to glial scar area) in the experimental and control groups. Four weeks after transplantation, NF positive nerve fibers distributed from rostral to caudal area of spinal cord in two groups \[Fig. [6](#jbma36414-fig-0006){ref-type="fig"}(A--F)\]. The relative density of NF positive nerve fibers in the rostral and caudal to/in the injury/graft site (5.55 ± 0.49%, 5.31 ± 0.55% and 5.89 ± 0.64%) in the NF‐GS group is higher than that (3.67 ± 0.77%, 3.05 ± 0.49% and 3.80 ± 0.78%) in the F‐GS group \[Fig. [6](#jbma36414-fig-0006){ref-type="fig"}(G), *n* = 7 in each group, *\*p \< 0.05*\]. However, the relative density of GFAP positive glial scars from rostral to caudal area between the NF‐GS (16.21 ± 2.98%, 13.58 ± 2.84% and 15.92 ± 1.38%) and F‐GS (15.62 ± 1.62%, 12.97 ± 1.45% and 15.25 ± 1.76%) groups was not significantly different \[Fig. [6](#jbma36414-fig-0006){ref-type="fig"}(H), *n* = 7 in each group, *p* \> 0.05\]. NF positive nerve fibers were evident in the injury/graft site of spinal cord in the NF‐GS group \[Fig. [6](#jbma36414-fig-0006){ref-type="fig"}(B,J[1](#jbma36414-fig-0001){ref-type="fig"})\]. The regenerating nerve fibers appeared to traverse the glial scar site and penetrated the graft area of spinal cord in the experimental group \[Fig. [6](#jbma36414-fig-0006){ref-type="fig"}(A--C,J,J[2](#jbma36414-fig-0002){ref-type="fig"})\]. That the regenerating nerve fibers extended over a long distance in the graft area of spinal cord suggests that the microenvironment of NF‐GS implant was conducive for nerve fiber regrowth, and that the slow‐release NT‐3 may promote the nerve fiber regeneration.

![Comparison of NF positive nerve fibers and GFAP positive scars in spinal cord. NF positive nerve fibers (red, arrows) and GFAP positive scars (green) in the rostral (A), injury/graft (B), and caudal (C) sites of spinal cord in the NF‐GS group. NF positive nerve fibers (red, arrows) and GFAP positive scars (green) in the rostral (D), injury/graft (E), and caudal (F) sites in the F‐GS group. G: Bar chart shows the relative density of NF positive nerve fibers at the rostral and caudal to/in the injury/graft site of spinal cord in the NF‐GS group was higher than that in the F‐GS groups; \**p* \< 0.05. H: Bar chart shows the relative density of GFAP positive scar at the rostral and caudal to/in the injury/graft site of spinal cord in the NF‐GS group was comparable to that in the F‐GS group; *n* = 7, *p* \> 0.05. I: An overview of NF and GFAP immunofluorescence staining in a longitudinal section in the NF‐GS group. J: Note host neurons extended NF positive nerve fibers (red) from the caudal sites into the injury/graft site of spinal cord. A higher magnification of boxed area (J) in (I) displaying the overlaid image of NF, GFAP, and Hoechst33342 (Hoe)‐labeled objects, to demonstrate that host neurons can extend NF positive nerve fibers (J1, red) through GFAP positive scars (J2, green), (J3, blue). Nuclei of cells in the injury/graft site were counterstained by Hoe. Scale bars = 200 μm in (I); 100 μm in (A--F) and (J1--J3).](JBM-106-2158-g006){#jbma36414-fig-0006}

Cell migration and revascularization {#jbma36414-sec-0022}
------------------------------------

By electron microscopy (EM) and laser confocal microscopy, many fusiform cells appeared to infiltrate the injury/graft site of spinal cord in the NF‐GS group \[Fig. [7](#jbma36414-fig-0007){ref-type="fig"}(A)\]. Some of them were neuron‐like cells making synapse‐like contacts or junctions with the adjacent cells; a few flattened vesicles were observed in the cytoplasm on one side of the junction \[Fig. [7](#jbma36414-fig-0007){ref-type="fig"}(B)\]. Blood vessels or capillaries lined by endothelial cells were identified only in the NF‐GS group \[Fig. [7](#jbma36414-fig-0007){ref-type="fig"}(C--E)\]. Many unmyelinated nerve fibers and nerve fibers enveloped by myelin sheath were observed. Occasional NF positive nerve fibers were wrapped by MBP positive structure in the injury/graft site at 4 weeks after the scaffold transplantation \[Fig. [7](#jbma36414-fig-0007){ref-type="fig"}(F,G)\]. However, cell migration was also observed in the injury/graft sites of spinal cord in the F‐GS group (Supporting Information Fig. 2). Some cells were distributed in the center of the injury/graft site (Supporting Information Fig. 2A, arrows). Glial scar appeared to form a barrier‐like structure between the migration cells (Supporting Information Fig. 2A, asterisk). In addition, degenerating structures with a lamellar appearance, suggesting to be of myelin sheath nature, were observed at and around the injury/graft site (Supporting Information Fig. 2B, arrows). Vascular profiles were not encountered in the injury/graft sites in the F‐GS group despite a thorough search. Taken together, the results suggest that grafted NF‐GS scaffold could improve the injured microenvironment and attract cell migration into the graft area of spinal cord, and delivery of NT‐3 may be a key factor in promoting the cell migration.

![Cell migration and revascularization in the injury/graft site of spinal cord in the NF‐GS group. A: TEM shows many cells appear to migrate into NF‐GS implant. B: A neuron‐like cell (asterisk) containing an aggregation of flattened "synaptic" vesicles (arrow) appears to make a synapse‐like contact associated with another neuron‐like cell (asterisk) under the electron microscopy. C: Note the presence of vascular profiles in the injury/graft site in confocal microscopy, the white arrow indicates the vascular walls. Blood capillaries in transverse (D) or longitudinal (E) section are identified by the lining endothelial cells showing an irregular nucleus (Nc). Note the endothelial cell is invested by a layer of basal lamina (D). Erythrocytes (RBC, arrows) are present in the vascular lumen (E). F, G: Some unmyelinated nerve fibers (NF positive) and a few profiles of myelinated nerve fibers (arrows) were found in the injury/graft site. Scale bars = 5 μm in (A); 2 μm in (B); 50 μm in (C) and (D); 1 μm in (E); 25 μm in (F); 1 μm in (G).](JBM-106-2158-g007){#jbma36414-fig-0007}

DISCUSSION {#jbma36414-sec-0023}
==========

With the rapid growth in translational medicine, more studies using experimental large animals such as canines[22](#jbma36414-bib-0022){ref-type="ref"} or monkeys[23](#jbma36414-bib-0023){ref-type="ref"} have yielded some interesting results before preclinical trial. Transplantation of NF‐GS had created a microenvironment with attenuated inflammation that is favorable for increased survival of infiltrated tissue cells and enriched re‐innervation from the host neurons inside the graft. Vascularization, indicative of a successful of graft‐host integration, was verified by electron microscopy, in which functional blood vessel, with intact endothelium and containing red blood cells were defined. The reconstitution of the cytoarchitecture by NF‐GS graft facilitates neural conduction and motor function recovery, as evidenced by the improved CMEP and Olby score following NF‐GS grafting. All these have indicated a better tissue repair together with functional regain through use of this NT‐3 sustained local delivery scaffold after canine SCI.

A local immune reaction in the spinal cord following injury is elicited in rats[24](#jbma36414-bib-0024){ref-type="ref"} and monkeys.[25](#jbma36414-bib-0025){ref-type="ref"} The ensuing recruitment of inflammatory cells dominates the resources in the injury site of spinal cord rostral and caudal to the epicenter, and this can lead to progressive degeneration of neurons.[26](#jbma36414-bib-0026){ref-type="ref"} The adverse condition is compounded by the transplantation of cells or biodegradable materials in which degradation products and necrotic corpses are viewed by the host cells as foreign and mount an attack with more reactive microglia and phagocytic macrophages.[27](#jbma36414-bib-0027){ref-type="ref"} As mentioned before, inflammatory cells in acute period rapidly invaded the damaged region of the spinal cord between 3 to 7 days post‐injury, suggesting an early neuroprotective response. The secondary phase of inflammation which occurs over a period of months is featured by a long‐lasting contribution of immune cells to the inflammatory environment within the spinal cord after injury.[28](#jbma36414-bib-0028){ref-type="ref"} Therefore, immune reaction assessment is crucial for effective treatment for SCI. Typically, IBA‐1 cells have prominent and ramified processes, indicating that some of them are microglia derived.[29](#jbma36414-bib-0029){ref-type="ref"}, [30](#jbma36414-bib-0030){ref-type="ref"} To investigate the inflammatory response, IBA‐1 immunohistochemistry was carried out following NF‐GS graft. The results showed that release of NT‐3 mitigated the local inflammation, and the numbers of IBA‐1 positive cells were significantly decreased in the NF‐GS group compared with the control F‐GS group. Many studies have reported time‐dependent changes of inflammatory and neurotrophic process in ischemic retina[31](#jbma36414-bib-0031){ref-type="ref"} and multiple sclerosis.[32](#jbma36414-bib-0032){ref-type="ref"} However, it has remained uncertain whether there is a link between the neurotrophins and inflammatory systems. Notwithstanding, the present results suggest that NT‐3 may play a positive role in suppressing inflammation; hence, use of bioactive scaffolds with anti‐inflammatory cytokines is a potential therapeutic approach for SCI.

NT‐3 is regarded as a classical trophic factor that plays pivotal roles in cell survival, differentiation, and axonal growth in the central nervous system.[33](#jbma36414-bib-0033){ref-type="ref"} It has been reported that there is an intrinsic downregulation of NT‐3 in the adult mammalian spinal cord; therefore, the rationality of using NT‐3 after SCI with the hope for recurrence of developmental events in the injury site, especially for axonal regrowth.[34](#jbma36414-bib-0034){ref-type="ref"} To initiate an early repair process, most studies involved delivery of NT‐3 in or close to the SCI lesion epicenter, immediately after the injury.[35](#jbma36414-bib-0035){ref-type="ref"}, [36](#jbma36414-bib-0036){ref-type="ref"} Very interestingly, it would appear that even when it is delivered in the chronic phase, NT‐3 exerts tissue repair efficacy. For example, transplantation of mesenchymal stem cells (MSCs) modified by NT‐3 gene at 6 weeks post‐injury resulted in discernible axon regeneration through scars, indicating a wider therapeutic window to be feasible.[37](#jbma36414-bib-0037){ref-type="ref"} Besides local delivery, stimulation of synthesis and release of endogenous NT‐3 is a possible approach through electrical acupuncture method.[38](#jbma36414-bib-0038){ref-type="ref"}, [39](#jbma36414-bib-0039){ref-type="ref"} For a sustained local delivery strategy, we have designed a NF‐GS bioactive scaffold, acting like a pump which can establish a NT‐3 gradient within the injury site and create a preferable local microenvironment for pro‐repairing cells. In the latter, some neuron‐like cells with associated synapses and containing synaptic vesicles were identified by electron microscopy. Myelinated nerve fibers were also identified in the same area. The multilayered myelin tended to enwrap the regenerating nerve fibers which extended in different orientations. A variable number of nerve fibers were unmyelinated. Remyelination has been reported in a separate SCI study using NT‐3 overexpressing transgenic Schwann cells.[40](#jbma36414-bib-0040){ref-type="ref"} A study using LINGO‐1 antagonist showed the presence of many new myelin in lumbar spinal cord of rats[41](#jbma36414-bib-0041){ref-type="ref"} suggesting therefore that formation of multiple layered myelin sheath in hemisected SCI canine is possible. Interestingly, it has also been proved that remyelination occurred in a naturally‐occurring SCI canine after 17 days without any treatment.[42](#jbma36414-bib-0042){ref-type="ref"} It is well established that myelin sheath can improve the speed of neuronal conduction. The present results showed that the CMEPs in the NF‐GS group had shortened latencies suggesting a faster speed of neuronal conduction than that in the control group. A remarkable feature in this study was the occurrence of some capillaries in the injury/graft site. Furthermore, the cells in the injury/graft comprising the endothelial cells, neurons, astrocytes and oligodendrocytes expressed NT‐3\'s high‐affinity receptor TrkC.[43](#jbma36414-bib-0043){ref-type="ref"}, [44](#jbma36414-bib-0044){ref-type="ref"} This suggests that the migration of endogenous cells may be directly induced by the interaction of ligand and receptor.[45](#jbma36414-bib-0045){ref-type="ref"} Bioactive scaffold therefore provides a supportive microenvironment for cell migration.

Different experiments have been designed for testing chronic and acute changes of plasticity and motor function in injury animal models. This includes tests for functional recovery to sensorimotor system of the central nervous system after injury. The cylinder test has provided a way to evaluate a rodent\'s spontaneous forelimb use and has been used in a number of motor system injury models of stroke.[46](#jbma36414-bib-0046){ref-type="ref"} Basso, Beattie, Bresnahan locomotor rating scale (BBB) is an effective measure of locomotor functional recovery to predict anatomical variations at the lesion center for spinal cord injury, and more widely used in rats.[47](#jbma36414-bib-0047){ref-type="ref"} In canines, Olby score is routinely used for endpoint measurements, kinematic measurements and kinetic measurements.[21](#jbma36414-bib-0021){ref-type="ref"} Here, we have compared the ground forces applied by the two hindlimbs and used force differences of gait between the limbs to estimate recovery. A similar Olby score was used in our previous study which reflected the effectiveness of the treatment for SCI.[8](#jbma36414-bib-0008){ref-type="ref"}, [12](#jbma36414-bib-0012){ref-type="ref"} With NT‐3 delivery, canines showed excellent CMEP and coordinate limb movement. Additionally, hindquarters were supported at the tail to provide balance. There was evidence to support the NT‐3‐induced spinal circuitry plasticity to affect the changes necessary to promote the locomotor improvements. In a mature neuronal circuit, it is easy to establish the voluntary muscular contraction on one side of the organization by producing communication in the contralateral corticospinal motor pathway.[48](#jbma36414-bib-0048){ref-type="ref"}, [49](#jbma36414-bib-0049){ref-type="ref"}, [50](#jbma36414-bib-0050){ref-type="ref"} With four canines in each group, we tested their CMEPs, and compared them with the CMEP before injury, 1 week and 4 weeks after graft. The electrophysiological result showed that the NF‐GS group presented a higher amplitude and shorter latency of CMEPs than the control group, thus supporting the behavioral performance. Formation of new local circuits and neuronal relay may be one of the most important reasons why behavioral improvement and CMEP waves were obvious in our present study. However, compared with normal canines (amplitude, 3.06 ± 0.97 mV; latency, 12.96 ± 1.00 ms), it was clearly not enough and more neuronal circuits would be desirable in a spinal cord hemisection for a further functional recovery.

Collateral axonal sprouting coming from the contralateral corticospinal tract may play a role in motor improvement.[51](#jbma36414-bib-0051){ref-type="ref"}, [52](#jbma36414-bib-0052){ref-type="ref"} It is speculated that increased in local NT‐3 level may help axonal sprouting as well as strengthen the motor neurons (L3‐S4) to the sciatic nerve. The functional change is supported by the existence of a circuit of neurons in the lumbar spinal cord called the central pattern generator(CPG).[53](#jbma36414-bib-0053){ref-type="ref"} It has been reported that electrical stimulation can increase the expression of NT‐3 in the lumbar motor neurons and alleviate the muscle atrophy in the hindlimb, which will allow for the new treatment strategy in the injured spinal cord.[54](#jbma36414-bib-0054){ref-type="ref"} In accordance with our previous work,[12](#jbma36414-bib-0012){ref-type="ref"} we have provided here with further evidence that supports the use of bioactive scaffold to reform central pattern‐generating circuitry of spinal interneurons in canines. Similar to using genetically engineered to delivery NT‐3,[11](#jbma36414-bib-0011){ref-type="ref"} bioactive scaffolds are evidently beneficial to improve post‐injury environment and to circumvent the risk of virus transmission. More importantly, this strategy has alluring prospect of clinical application for spinal cord injury. However, as observed by immunofluorescence staining, GFAP positive glial scar showed no difference in two groups, suggesting that the concentration of NT‐3 used in this study did not show a significant impact on the glial scar of canines. It is now clear that glial scar is not simply an all‐or‐nothing phenomenon and came from reactive astrocytes.[55](#jbma36414-bib-0055){ref-type="ref"}, [56](#jbma36414-bib-0056){ref-type="ref"} Much less is known, unlike the periphery of the injury site in the rat spinal cord,[12](#jbma36414-bib-0012){ref-type="ref"} increased stiffness of GFAP positive glial scar occupied a large scale extending from the edge of lesion to the distal area of the host in canine spinal cord. It is speculated that glial scar may be enhanced from lower to higher animals.[57](#jbma36414-bib-0057){ref-type="ref"}, [58](#jbma36414-bib-0058){ref-type="ref"} If it is so, that would be the greatest challenge from animal experiment to clinical translation for SCI repair. Further study is needed to determine the optimal concentration of NT‐3 used for big animal or human, and whether other factors along with NT‐3 could be used to select suitable endogenous cells for SCI treatment in future. All in all, the scaffold we have designed is able to upregulate local NT‐3 level in the injury/graft site of spinal cord, to become a bridge for the growth and contact of neurons, and to facilitate our future experiments such as loading of stem cells for repairing SCI.

CONCLUSION {#jbma36414-sec-0024}
==========

The present study offered a promising therapeutic strategy by transplanting bioactive scaffold into the hemisected spinal cord of canine. The results demonstrated that NT‐3 delivery from bioactive scaffold evidently inhibited the inflammatory reaction, yielded a favorable environment which promoted nerve fiber regeneration, attracted the migration of host tissue cells into the injury/graft site to form myelin sheath and blood vessels, and eventually improved the paralytic hindlimb locomotion with increased amplitude and shortened latency of cortical motor evoked potentials. Most importantly, our study provides a histomorphological and electrophysiological basis on how the bioactive scaffold may help improve the motor function in canine with hemisection SCI.
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